Synthesis of proteinase inhibitor I protein in response to wounding in leaves of excised tomato (Lycopersicon esculentum) plants was inhibited by NO donors sodium nitroprusside and S-nitroso-N-acetyl-penicillamine. The inhibition was reversed by supplying the plants with the NO scavenger 2-(4-carboxiphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. NO also blocked the hydrogen peroxide (H 2 O 2 ) production and proteinase inhibitor synthesis that was induced by systemin, oligouronides, and jasmonic acid (JA). However, H 2 O 2 generated by glucose oxidase and glucose was not blocked by NO, nor was H 2 O 2 -induced proteinase inhibitor synthesis. Although the expression of proteinase inhibitor genes in response to JA was inhibited by NO, the expression of wound signaling-associated genes was not. The inhibition of wound-inducible H 2 O 2 generation and proteinase inhibitor gene expression by NO was not due to an increase in salicylic acid, which is known to inhibit the octadecanoid pathway. Instead, NO appears to be interacting directly with the signaling pathway downstream from JA synthesis, upstream of H 2 O 2 synthesis. The results suggest that NO may have a role in down-regulating the expression of wound-inducible defense genes during pathogenesis.
Nitric oxide (NO) and reactive oxygen species (ROS) have important roles in the activation of defense responses against pathogen attacks (for review, see Bolwell, 1999; Durner and Klessig, 1999; Beligni and Lamattina, 2001 ). The addition of sodium nitroprusside (SNP), an NO donor, can cause cell death to soybean (Glycine max) suspension cultures at millimolar concentrations, when ROS are present (Delledonne et al., 1998 (Delledonne et al., , 2001 Durner and Klessig, 1999) .
The molecular mechanism for NO synthesis or action is currently unknown. NO can activate or inhibit certain heme-containing enzymes (Stamler, 1994) , and it can stimulate plant defense responses through a cGMP-dependent signaling cascade involving, at least in some cases, the generation of cADPR and the activation of mitogen-activated protein kinases (Durner et al., 1999; Klessig et al., 2000; Kumar and Klessig, 2000) .
The generation of ROS in response to pathogen and herbivore attacks has been well documented (for review, see Bi and Felton, 1995; Low and Merida, 1996; Lamb and Dixon, 1997; Bolwell, 1999) . One ROS species, hydrogen peroxide (H 2 O 2 ), appears to be a key signaling molecule as well as a defensive chemical that physically damages attacking organisms (Levine et al., 1994; Alvarez et al., 1998; Orozco-Cárdenas et al., 2001 ).
Tomato (Lycopersicon esculentum) plants are known to accumulate relatively high levels of H 2 O 2 in response to wounding and elicitors, without apparent toxicity to the plants ( Orozco-Cárdenas and Ryan, 1999) . Although NO has been associated with ROS and the activation of defense responses against pathogens, its possible role in wound signaling has not been reported. Herein, we show that supplying young excised tomato plants with NO donors strongly inhibited the expression of wound-inducible proteinase inhibitors, but did not inhibit the activation of octadecanoid pathway genes. The inhibitory action of NO did not involve the synthesis of salicylic acid (SA), a potent inhibitor of wound-inducible defense gene signaling (Doares et al., 1995) .
RESULTS
The effect of NO on the synthesis of proteinase inhibitor I (Inh I) in leaves of young tomato plants in response to wounding was initially studied using two NO donors, S-nitroso-N-acetyl-penicillamine (SNAP) and SNP, which are known to elevate levels of NO when supplied to plants (Beligni and Lamattina, 2000) . When young tomato plants were supplied through their cut stems with solutions of SNAP or SNP and wounded 1 h later, the synthesis and accumulation of Inh I in response to wounding was severely diminished compared with control plants that were not supplied with NO donors (Fig. 1A) . The inhibition of the wound response by both SNAP and SNP was reversed by the simultaneous addition of the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (CPTIO; Fig. 1A ). Wounding tomato leaves does not cause an increase in NO (Fig. 2) , and CPTIO and the NO synthase inhibi-tors S, and N -nitro-l-Arg had no effect on the wound response (data not shown). SNP inhibited the woundinduced accumulation of proteinase Inh I in a concentration-dependent manner. The concentration of SNP required for half-maximal inhibition was about 0.1 to 0.2 mm (Fig. 1B) . SNP similarly inhibited accumulation of proteinase inhibitor I induced in tomato plants by the elicitors systemin, jasmonic acid (JA), and oligogalacturonides (OGA) (Fig. 3) . Treatment of plants with SNAP under the same conditions as SNP resulted in similar effects (data not shown).
In leaves of young tomato plants, the genes that code for components of the octadecanoid signaling pathway are activated within 0.5 to 1 h after wounding (Ryan, 2000; Orozco-Cárdenas et al., 2001) . This is in contrast with proteinase inhibitor genes that are activated about 4 to 12 h after wounding (Ryan, 2000; Orozco-Cárdenas et al., 2001) . Gel-blot analyses were carried out to determine whether SNP inhibited the early (0.5-1 h) and/or late (4-12 h) genes induced by wounding, systemin, or JA. The early-associated signaling pathway mRNAs included prosystemin, lipoxygenase, allene oxide synthase, and polygalacturonase catalytic subunit. The late-associated mRNAs included Inh I, Inh II, cathepsin D inhibitor, and metallocarboxypeptidase inhibitor (Orozco-Cárdenas et al., 2001) . The levels of mRNAs coding for the signaling pathway-related proteins induced by wounding, systemin, or JA were not inhibited by SNP, whereas levels of mRNAs encoding the defensive genes were all strongly reduced when SNP was present (Fig. 4) . Therefore, SNP was not blocking the activation of wound-inducible signaling pathway genes, but was inhibiting the pathway downstream from JA.
Tomato leaves had previously been shown to maximally accumulate H 2 O 2 between 4 and 6 h following wounding, decreasing thereafter (Orozco-Cárdenas and Ryan, 1999) . Here, we report the direct quantifi- Fourteen-dayold plants having two expanded leaves and a small apical leaf were excised at the base of the stems and supplied through the stems with a solution of phosphate buffer alone, pH 6.5, for 1 h (control) or a buffer containing 1.0 mM SNAP, 1.0 mM SNP, 1.0 mM SNAP ϩ 1.0 mM CPTIO, or 1.0 mM SNP ϩ 1.0 mM CPTIO for 1 h. All experiments were carried out under light (300 Em Ϫ2 s Ϫ1 ). Plants, except controls, were wounded twice at the middle of each expanded leaf, perpendicular to the main petiole and were incubated in water under light as described in "Materials and Methods." Proteinase Inh I levels in leaf extracts were assayed immunologically in leaf juice 24 h later. Data are means Ϯ SD; n ϭ 6. cation of wound-inducible H 2 O 2 that accumulated in wounded and unwounded leaves of young tomato plants 6 h after they had been supplied with SNP. SNP reduced the accumulation of H 2 O 2 to less than 50% of levels caused by excision alone (unwounded control), and by wounding, systemin OGA, and JA (Fig. 5) .
Previous research has shown that H 2 O 2 can act as a second messenger for the expression of the lateassociated defensive genes during the wound response (Orozco-Cárdenas et al., 2001 ). An H 2 O 2 -generating system composed of Glc oxidase plus Glc was employed to generate enough H 2 O 2 to cause the induction and accumulation of defensive proteinase inhibitor proteins in excised tomato plants (OrozcoCárdenas et al., 2001) , and was used to investigate whether NO can inhibit H 2 O 2 -mediated synthesis of Inh I. Young excised tomato plants were supplied with SNP for 1 h and then with Glc and Glc oxidase. The results shown in Figure 6 indicate that SNP did not block the synthesis of Inh I induced by H 2 O 2 , suggesting that the site of inhibition of late genes was at a step or steps between JA and H 2 O 2 generation.
Because NO had previously been reported to induce the synthesis of SA in tobacco (Nicotiana tabacum) leaves (Durner et al., 1999; Klessig et al., 2000) , the possibility that NO may be inducing the accumulation of SA was considered as a possible cause of the inhibitory action of NO on wound signaling. To evaluate whether NO is able to inhibit wound-defense gene expression in the absence of SA, NahG transgenic tomato plants overexpressing the bacterial salicylate hydroxylase enzyme, which removes endogenous SA by converting it to catechol (Brading et al., 2000) , were assayed to see if SNP had the same inhibitory effect on the wound inducibility of Inh I protein in the wild-type and the transgenic NahG plants. NO had the same inhibitory effect in the NahG plants as in wild-type plants (Fig. 7) . In addition, direct quantification of SA in leaves of unwounded and wounded wild-type tomato plants that were pretreated with SNP showed no differences compared with SA found in leaves of untreated plants within 8 h after SNP treatment (data not shown). It is within this time period that wound signaling takes place (Ryan, 2000) , indicating that SA was likely not to have a significant effect on wound signaling.
DISCUSSION
Pathogen-induced production of H 2 O 2 and NO in plant cells has been shown to regulate the hypersensitive response and cell death (Delledonne et al.; 1998; Durner et al., 1998; Klessig et al., 2000) . H 2 O 2 is also generated in response to mechanical wounding, and acts as a second messenger that regulates the expression of wound-inducible defense-associated genes (Ryan, 2000; Orozco-Cárdenas et al., 2001) . Whether NO has a role in the wound-inducible signaling pathway has not been assessed. Therefore, a possible role for NO in the wound-inducible signaling pathway was investigated in tomato plants.
Supplying young excised tomato plants with the NO generators SNP and SNAP before wounding caused a nearly complete inhibition of the induction of synthesis of proteinase Inh I, one of several wound-inducible proteinase inhibitor proteins in tomato leaves (Fig. 1A) . The inhibition of woundinducible Inh I by SNP was concentration dependent (Fig. 1B) and could be reversed by supplying the NO scavenger CPTIO (Fig. 1A) . When wounded and unwounded excised tomato plants were supplied with 1 mm SNP, NO levels from 0.7 to 1.0 mm were detected in both set of plants within 0.5 h. The levels remained essentially constant for the next 1.5 h, and by 4 h, the levels had declined to 0.5 m (Fig. 2) . However, in the absence of the NO donors, NO levels remained unchanged in the leaves of wounded and unwounded plants, indicating that NO synthesis was not regulated by the wounding. NO inhibited Inh I synthesis in young, excised tomato plants induced by systemin, OGA, and JA (Fig. 3) , indicating that the inhibition of the signaling pathway likely occurred downstream from JA synthesis.
Previous reports had demonstrated that wounding, systemin and JA all induced the expression of signal pathway genes leading to JA synthesis within 0.5 to 2 h after wounding, whereas defensive proteinase inhibitor genes were synthesized much later, from 4 to 12 h after wounding (Orozco-Cárdenas et al., 2001) . Further studies indicated that JA was not only activating the early signal pathway genes, but was activating the expression of a polygalacturonase gene and the production of H 2 O 2 (Bergey et al., 1999; Orozco-Cárdenas and Ryan, 1999), with H 2 O 2 acting as a second messenger for proteinase inhibitor gene expression (Orozco-Cárdenas et al., 2001) . Therefore, the effects of NO on the expression of early and late genes induced by wounding, systemin, and JA were examined. NO did not inhibit signal pathway gene expression, but strongly inhibited the expression of several proteinase inhibitor genes (Fig. 4) . Supplying the excised tomato plants with an H 2 O 2 -generating system of Glc oxidase plus Glc is known to induce the expression of the proteinase inhibitor genes, but not the early-inducible signal pathway-associated genes (Orozco-Cárdenas et al., 2001) . In this study, the levels of H 2 O 2 detected in the leaves of plants supplied with this H 2 O 2 -generating system were not affected by the presence of SNP (data not shown), and the H 2 O 2 -induced synthesis of proteinase Inh I was reduced by only 12% (Fig. 7) . H 2 O 2 levels generated in the plants by Glc/Glc oxidase were approximately 13 m, which is near the levels induced by wounding in the wild-type tomato plants (OrozcoCárdenas et al., 2001) . NO also inhibited the accumulation of H 2 O 2 , which occurs in planta in response to wounding or treatment with chemical elicitors, and JA (Fig. 5) . Together, these results suggest that NO is inhibiting signaling downstream from JA, but before the steps that generate H 2 O 2 .
The wound signaling pathway in tomato plants was shown previously to be inhibited by SA (Doares et al., 1995) , indicating that "crosstalk" between the pathogen-inducible defense signaling pathway and the herbivore (wound)-inducible defense signaling pathways can be mediated by SA (Raskin, 1992; Felton and Korth, 2000) . However, SNP inhibited the wound-induced accumulation of proteinase inh I in SA-deficient tomato plants (Fig. 7) , and SA levels Figure 4 . Effects of SNP on the expression of genes induced by wounding, systemin, and JA. Young excised tomato plants were supplied with phosphate buffer alone (control) or 1.0 mM SNP for 1 h. Plants, except controls, were wounded, transferred to water, and assayed by RNA gel blotting after 2 h for allene oxide synthase, lipoxygenase, prosystemin, and polygalacturonase catalytic subunit (and after 8 h for proteinase Inh), proteinase Inh II, cathepsin D inhibitor, and metallocarboxypeptidase inhibitor. Equal amounts of RNA were loaded as confirmed by probing with an ubiquitin cDNA.
remained unaffected in the wild-type plants during the first 8 h after wounding (data not shown). Thus, the effects of NO were likely not due to the induction of synthesis of SA.
During plant defense against pathogens, NO potentiates the hypersensitive cell death in soybean cell cultures (Delledonne et al., 1998) , and inhibition of NO synthesis compromises hypersensitive disease resistance in Arabidopsis and tobacco plants (Huang and Knopp, 1997; Delledonne et al., 1998) . Moreover, NO at 0.5 to 1.0 mm mediates plant defense gene activation, triggering the expression of pathogenesisrelated proteins and Phe ammonia lyase, and the synthesis of protective natural products (Beligni et al., 1997; Durner et al., 1998; Klessig et al., 2000) . However, in this study of the tomato wound-defense response, NO at 1.0 mm inhibited the activation of antiherbivory proteinase inhibitor genes, which is mediated by the accumulation of nonlethal levels of about 10 m H 2 O 2 (Orozco-Cárdenas et al., 2001) . In this latter system, NO might be acting as an antioxidant agent (Laxalt et al., 1997; Beligni and Lamattina, 1999) , protecting the plant cells and tissues from ROS damage. It is interesting that after 24 h, no symptoms of necrosis or hypersensitive cell death were observed in the leaves of plants treated with SNP and exposed at the same time to the H 2 O 2 -generating system of Glc plus Glc oxidase. Therefore, in addition to H 2 O 2 and NO, SA may be required for the onset of pathogeninduced programmed cell death in tomato (for review, see Bolwell, 1999; Durner and Klessig, 1999; Beligni and Lamattina, 2001) .
Although there is no evidence to support a specific mechanism of inhibition by NO, NO appears to be specifically inhibiting a step between JA synthesis and H 2 O 2 production (Fig. 8) . Although NO does not seem to be a component of the wound defense response in tomato plants, it might act antagonistically to inhibit the expression of antiherbivory defense genes during the plant defense response against pathogens. In this regard, it has been reported that NO can antagonize ethylene biosynthesis and action in plants ( Leshem and Pinchasov, 2000) . Because ethylene is required for the wound-defense response in tomato plants (O'Donnell et al., 1996) , NO may be interfering with the participation of ethylene in the wound signaling pathway. However, at present, the specific molecular target for NO inhibition of wound signaling remains to be identified. Young tomato plants were treated as described in Figure 3 . H 2 O 2 concentration was measured 6 h after elicitor treatment as described in "Materials and Methods." 
MATERIALS AND METHODS

Plant Material and Bioassays
Two-week-old tomato (Lycopersicon esculentum cv Castlemart and Moneymaker) plants and the transgenic tomato line cv Moneymaker containing the salicylate hydroxylase (nahG) gene (Brading et al., 2000) were grown from seeds in growth chambers having 18-h days of 300 Em Ϫ2 s Ϫ1 of light at 28°C and 6-h nights at 18°C. The plants had two expanding leaves and a small developing apical leaf when used for experimentation.
SNAP and CPTIO were from Molecular Probes (Eugene, OR). All other reagents were from Sigma.
To investigate the effects of NO on the induction of proteinase Inh I synthesis and accumulation in response to wounding and chemical elicitors, 14-d-old tomato plants were excised at the base of the stem and were supplied for 1 h with 10 Ϫ3 m potassium phosphate buffer, pH 6.5, or buffer containing NO-related compounds. Thereafter, the plants were wounded across the main vein of each terminal leaflet or were incubated for another 0.5 to 1.0 h in buffer solutions alone or a buffer solution containing systemin (25 nm), OGA (250 g mL Ϫ1 ), JA (100 m), or Glc (50 m) plus Glc oxidase (2.5 units mL Ϫ1 ), as previously described (Orozco-Cárdenas et al., 2001) . The plants were transferred to glass vials containing water, placed within closed Plexiglas boxes, and incubated for 24 h in light (300 mEm Ϫ2 s Ϫ1 ) at 28°C. Levels of wound-and elicitor-inducible proteinase Inh I protein was quantified in juice expressed from the leaves by use of radial immunodiffusion assays (Ryan, 1967; Trautman et al., 1971) , or the Inh I and II mRNAs were analyzed by gel-blot analyses.
RNA Gel-Blot Analyses
Leaves of treated and control tomato plants were removed and immersed in liquid nitrogen, ground to a fine powder, and stored at Ϫ80°C to isolate total RNA. Total RNA was extracted, fractionated by electrophoresis in 1.4% (w/v) agarose-formaldehyde gels, blotted onto nylon membranes, and hybridized with radioactive 32 P-dCTP-labeled probes as described previously (Orozco-Cárdenas et al., 2001 ). An 18S ribosomal RNA gene probe was used as a loading control. Membranes were washed once with 2ϫ SSPE for 20 min at room temperature, two to three times with 2ϫ SSPE and 1% (w/v) SDS for 15 to 30 min at 65°C, and then exposed for 15 to 32 h to x-ray film or to a PhosphorImager (Bio-Rad, Hercules, CA).
Quantification of NO
Leaves of young excised tomato plants that had been pretreated with water or SNP for 1 h and then wounded or not wounded were assayed for NO concentration. In brief, 200 mg of frozen leaves of young tomato plants were grounded and homogenized in 1 mL of cooled buffer (0.1 m sodium acetate, 1 m NaCl, and 1% [w/v] ascorbic acid, pH 6.0). The homogenates were centrifuged at 10,000g for 20 min at 4°C and the supernatants were passed through 0.8-ϫ 4-cm columns in 1-X8 resin (Bio-Rad). NO was quantified in cleared extracts spectrophotometrically measuring the conversion of oxyhemoglobin to methemoglobin (Murphy and Noack, 1994) .
Quantification of H 2 O 2
The quantification of H 2 O 2 in extracts from tomato leaves was according to Rao et al. (2000) . Leaves were frozen and ground to a powder under liquid nitrogen and stored at Ϫ80°C. Leaf powder (500 mg) was extracted with 1 mL of 0.2 m HClO 4 , incubated on ice for 5 min, and pelleted by centrifugation at 10,000g for 10 min at 4°C. The supernatant was neutralized to pH 7.0 to 8.0 with 0.2 m NH 4 OH, pH 9.5, and was briefly centrifuged at 3,000g for 2 min to sediment the insoluble material. The extracts were passed through 0.8-ϫ 4-cm columns of AG 1X-8 resin (ionic-form chloride; BioRad) and were eluted with double-distilled water (Rao et al., 2000) .
The quantification of H 2 O 2 in the cleared extracts was carried out using an Amplex Red Hydrogen Peroxide Assay kit (Molecular Probes), following the manufacturer's recommendations. In brief, 50 to 100 L of extract was mixed with an equal volume of a solution containing 1 U mL Ϫ1 horseradish peroxidase in 50 mm sodium phosphate buffer, pH 7.4, and was incubated for 1 h at room temperature. Fluorescence was measured with a fluorescence microplate reader (Perkin-Elmer, Beaconsfield, Buckinghamshire, UK) using excitation at 560 Ϯ 5 nm and fluorescence detection at 590 Ϯ 5 nm. The concentration of H 2 O 2 in each sample was calculated using a standard curve obtained with known concentrations of pure H 2 O 2 .
Quantification of SA
Leaves of young excised tomato plants that had been pretreated with water or SNP for 1 h and then wounded or not wounded were assayed for SA. SA was extracted from leaves with methanol and was quantified by using HPLC as described by (Pearce et al., 1998) . Figure 8 . Differential regulation of signal pathway genes and defensive genes in leaves of tomato plants in response to wounding and pathogens. In this model, wounding or systemin produces JA, which up-regulates the signal pathway genes (early genes). NO, produced after pathogen attacks, inhibits only the wound-inducible (late) genes.
